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Adhesionase-activating proteins (GAPs) for Arfs and interact with a variety of signaling
molecules to function as integrators of pathways controlling cytoskeletal organization and cell motility. In
this report, we describe the characterization of a Drosophila homologue of GIT1, dGIT, and show that it is
required for proper muscle morphogenesis and myotube guidance in the ﬂy embryo. The dGIT protein is
concentrated at the termini of growing myotubes and localizes to muscle attachment sites in late stage
embryos. dgit mutant embryos show muscle patterning defects and aberrant targeting in subsets of their
muscles. dgit mutant muscles fail to localize the p21-activated kinase, dPak, to their termini. dPak and dGIT
form a complex in the presence of dPIX and dpak mutant embryos show similar muscle morphogenesis and
targeting phenotypes to that of dgit. We propose that dGIT and dPak are part of a complex that promotes
proper muscle morphogenesis and myotube targeting during embryogenesis.
© 2008 Elsevier Inc. All rights reserved.Introduction
G protein-coupled receptor kinase-interacting or GIT/Cat/APP
proteins are a family of Arf-GAP scaffolding and signaling proteins
that play important roles in regulating vesicle trafﬁcking, organelle
structure, cytoskeletal organization and cell motility in mammals (de
Curtis, 2001; Turner et al., 2001; Zhao et al., 2000; Premont et al., 2004).
They are multidomain proteins consisting of an N-terminal Arf-GAP
domain, ankyrin repeats, a middle Spa2 homology domain and a C-
terminal paxillin-binding domain. Through its middle and C-terminal
domains, GIT1 associates with proteins of focal adhesion complexes
such as the small GTPases exchange factor βPIX, focal adhesion kinase
FAK and paxillin. Through these interactions, GIT proteins appear to
have important functions in promoting focal adhesion complex
disassembly and cell motility and to function as integrators of various
signaling pathways (Zhao et al., 2000; Premont et al., 1998; Vitale et al.,
2000; Turner et al., 2001;Mazaki et al., 2001). GIT proteins also function
in other contexts, for example as synaptic components and through
interactions with synaptic proteins like Liprin and Piccolo (Zhang et al.,
2003; Ko et al., 2003; Kim et al., 2003). In addition, GIT1 targets PAK1 to
the centrosome (Zhao et al., 2005) and binds to huntingtin protein and
enhances its aggregation (Goehler et al., 2004).
Directed movement of cells or cellular extensions such as axons or
myotubes through a tissue requires recognition of environmentalri).
l rights reserved.guidance cues and accurate interpretation of these cues by the
growing cell. For this, cells organize signaling complexes linking
outside signals to intracellular changes and allowing cells to respond
properly by either growing, repelling or terminating their movement.
The body muscles of the Drosophila embryo have been used as a
model system for a genetic approach to the problems of muscle
targeting. The ﬂy embryo displays a readily visible, highly stereotyped
pattern of 30 muscles in each abdominal hemi-segment from A2 to A7
(Bate, 1993). Each muscle has a single founder cell, its unique identity
as deﬁned by the expression of speciﬁc combinations of transcription
factors, and only one syncytial cell which is identiﬁed by its unique
size, shape, position, and characteristic insertion sites in the epidermis
(Bate, 1990; Baylies et al., 1998).
The morphogenesis of each larval muscle is a multistep process
involving myoblasts speciﬁcation, migration and fusion to form
myotubes whose ends are guided and targeted toward their speciﬁc
epidermal attachment sites. The process of myotube migration has
been divided into three distinct phases (Schnorrer and Dickson, 2004).
During the ﬁrst phase, migration occurs during germband retraction
with muscle founder cells migrate relative to each other; the second
phase corresponds to the period during which the two ends of each
growingmyotube formextensiveﬁlopodia andbegin to search for their
future attachment siteswhile the center of themyotube remains rather
stable; in the third phase, myotubes reach their target, cease ﬁlopodia
formation and localize many adhesion complex molecules toward the
epidermal tendon cell (or apodeme) in order to form a stable adhesion
complex (Brown et al., 2000; Volk and VijayRaghavan, 1994).
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originally identiﬁed as important players in axon guidance, have been
shown to function during myotube migration in Drosophila. During
myogenesis, the Derailed receptor tyrosine kinase is required
autonomously in the lateral–transversemuscles for proper recognition
of their target, the ventral intrasegmental attachment sites (Callahan et
al., 1996). Another muscle guidance cue is Slit and its Robo/Robo2
receptors on myotubes (Kidd et al., 1999; Kramer et al., 2001; Bashaw
and Goodman, 1999). Slit in this system has a complex bifunctional
role, repellingmuscle precursor cells away from themidline at an early
phase of development, but attracting a subset of them to segment
border-tendon cells at a later phase (Kidd et al., 1999). The opposing
repulsive/attractive myogenic roles of Slit are mediated by the same
receptors and both Robo and Robo2 have to be removed for a slit-like
muscle phenotype to be seen. Recently, a role for heparan sulfate
proteoglycan syndecan in promoting Slit-Robo signaling during
myotube guidance has also been reported (Steigemann et al., 2004).
In addition to these signaling systems, the transmembrane protein
Kon-tiki and its associated intracellular PDZ domain signaling protein
dGrip were shown to play important roles in muscle guidance of the
ventral–longitudinal muscles, the same ones which are attracted by
Slit, but no evidence for a direct link of dGrip to Slit-Robo signalingwas
found (Schnorrer et al., 2007; Swan et al., 2004).
In the present study, we show evidence that the single Arf-GAP
GIT1 homologue in Drosophila, here referred to as dGIT, is required for
normal muscle patterning and for the proper guidance of a subset of
ventral myotubes to ensure their termination at their correct target
tendon cells in the ventral epidermis during embryogenesis.
Materials and methods
Fly stocks and mutagenesis
The ﬂy line carrying the P-element insertion EY0924, which was
identiﬁed as an insertion in the dgit locus by Hugo Bellen Laboratory,
was used to isolate mutations in dgit. Mobilization of the P-element
was done using the immobile element P[ry+Δ2–3](99B) as a
transposase source (Robertson et al., 1988). The genotype of the
transposase stock is SP/Cyo ; P[ry+Δ2–3](99B)/TM3. Single jump starter
males of the genotype EY0924/Cyo ; P[ry+Δ2–3](99B)/+ were crossed
to second chromosome balancer females. From each cross, one w-
male was selected and crossed to second chromosome balancer ﬂies
and balanced stocks were generated. The dgit alleles were analyzed by
PCR for mapping of lesions in the dgit locus.
Deﬁciency Df(2R)596, uncovering the 47B1 region of the dgit locus,
and 24bgal4 ﬂy lines were obtained from the Bloomington stock
centre. Rp298gal4 (from Sree Devi Menon), uas-dpaki, uas-dpakaid
(Harden et al., 1996; Hing et al., 1999), dpix1036 (Parnas et al., 2001), slit
and slit2 (Kidd et al., 1999), robo6 and robo8 (Kidd et al., 1998),
fak56CG2 (Grabbe et al., 2004) and the dpak alleles 6, 11, 14, 20, 21 and
22 (Hing et al., 1999; Newsome et al., 2000) were used in this study.
dpak20 germline clones were generated using FRT82B dpak20 ﬂies
essentially as described by Chou and Perrimon (1996).
Generation of transgenic ﬂies and genetic interaction crosses
For generating a uas-git-gfp construct, the complete ORF encoding
full length protein (amino acids 1–731) was ﬁrst cloned into pEGFP-N1
vector to generate C-terminal GFP fusion and then subcloned into
pUAST. Following injection of the uas-git-gfp construct into ﬂy
embryos, ﬂy transformants were selected and the insertions were
mapped using classical genetic crosses and techniques. For the rescue
experiment, a uas-git-gfp insertion on the third chromosome was
recombined with the pan-mesodermal 24bgal4 driver and the
recombinant chromosome was introduced to dgit mutant ﬂies. In
order to determine whether dPak can rescue dgit phenotypes,balanced stocks carrying the dgit mutation and 24bgal4 driver, uas-
dpakmyr or uas-dpak were established but homozygous dgit mutant
ﬂies carrying the driver construct or uas-dpak could not be generated
as these combinations were lethal.
For genetic interaction experiments, homozygous dgit mutant
males were crossed to balanced dpak or dpix females and their
embryos were collected and stained with anti-βGal and anti-Mhc.
Immunostaining and image processing
Anti-dGIT antibodies were raised in mice using N-terminal and C-
terminal dGIT amino acid sequences to produce GST fusion proteins as
antigens. For making the N-terminal fusion protein, a ∼1.3 kb NcoI/
XhoI cDNA fragment (aa108–520) was subcloned from the dgit EST
clone 02827 into the PGEX 2TK2 vector. For making the C-terminal
fusion protein, a ∼0.8 kb dgit cDNA fragment corresponding to aa520-
end was subcloned from the dgit EST clone 02827 into the PGEX 2TK2
vector. The speciﬁcity of the sera used was conﬁrmed by showing a
lack of staining in animals carrying the dgit mutant alleles. Following
incubation of ﬁxed embryos with the primary antibody, ﬂuorescent
conjugated anti-mouse or anti-rabbit secondary antibodies were used.
FITC- and Texas Red-conjugated secondary antibodies were used.
Confocal microscopy was done using Zeiss microscope and Adobe
Photoshop was used for image processing.
The following primary antibodies were used in this study: anti-
muscle-speciﬁc myosin II at a 1:500 dilution and anti-nonmuscle
myosin II heavy chain 656 at a 1:500 dilution (Kiehart and Feghali,
1986; Kiehart et al., 1990), anti-MEF2 at a 1:1500 dilution (Bour et al.,
1995), anti-Stripe at a 1:200 dilution (Frommer et al., 1996; Becker et
al., 1997), anti-Slit (C555.6D) at a 1:50 dilution (Rothberg et al., 1990),
anti-Robo (13C9) at a 1:50 dilution (Kidd et al., 1998), BP102 at a 1:5
dilution, anti-dPak at a 1:2000 dilution (Harden et al., 1996) and anti-
GFP at a 1:500 dilution (Santa Cruz Biotechnology Inc.), anti-FAK 56 at
a 1:1000 dilution, anti-αPS-integrin (CF.6G11) at a 1:10 dilution, anti-
βGAL at a 1:3000 dilution (MP Biomedicals Inc.) and anti-dGIT at a
1:500 dilution. Monoclonal antibodies, C555.6D, CF.6G11 and 13C9,
were obtained from Developmental Studies Hybridoma Bank. Phal-
loidin and topro3 were used to label F-actin ﬁlaments and DNA
respectively.
To acquire movies, living dechorionated embryos were oriented,
glued on a cover slip in a small culture dish, covered with lowmelting
agarose, and imaged using a 60× lens under Olympus Confocal
microscopy; usually a Z stack of 15–20 single planes covering about
20 μm was recorded every 2 to 3 min. Planes of interest were
maximally projected using Olympus Fluoview 1000 software (FV10-
ASW1.6 Viewer) and time stacks were converted into movies using
QuickTime.
Cell transfections and immunoprecipitation assays
To generate proteins tagged with FLAG, HA or Myc at their N-
terminus, the complete ORFs encoding full length dGIT, dPIX and dPak
proteins were ampliﬁed by PCR and cloned into themammalian pXJ40
vector (Manser et al., 1997) for expression under CMV promoter;
restriction enzyme sites BamHI and NotI were used for making FLAG-
dGIT and HA-dPIX constructs, and BamHI and XhoI for constructing
Myc-dPak.
COS 7 cells were cultured in DME medium containing 4500 mg/L
glucose, 10% fetal bovine serum (Hyclone), at 37 °C with 5% CO2.
Brieﬂy, cells growing in 10-cm dish at 70 to 80% conﬂuency were
transiently cotransfected with epitope-tagged expression constructs
using Escort V (Sigma) transfection reagent. Forty-eight hours
posttransfection, cells were lysed in 1 ml of lysis buffer (25 mM
Hepes [pH 7.3], 150 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 5%
glycerol, 5% Triton X-100, supplemented with protease inhibitors)
and clariﬁed by centrifugation at 13,000 ×g for 10 min at 4 °C.
Fig. 2. Expression of dGIT in embryonic muscles. Panels A–C is a ventro-lateral view of a
late stage 14 wt embryo double stained with anti-dGIT (A, green) and anti-Mef2 (B, red)
and showing that dGIT is mainly cytoplasmic in growing VA and VO myotubes at this
stage (A, star); panels D–F is a ventro-lateral view of a stage 16 wt embryo stained with
anti-dGIT (D, green) and anti-Mhc (E, red) and showing dGIT localization at muscle
attachments of VL muscles (D, arrowheads); panels G–I is a ventro-lateral view of a
stage 16 dgit21C mutant embryo stained with anti-dGIT (G, green) and anti-Mhc (H, red)
and showing absence of dGIT staining frommuscle attachments (G, arrowhead); panel C
is a merged image of panels A–B, panel F is a merged image of panels D–E, and panel I is
merged image of panels G–H; all embryos are oriented anterior is to the left and dorsal
is up and scale bar is 20 μm.
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monoclonal M2 anti-FLAG-afﬁnity agarose (Sigma A2220), with
constant agitation for 3 h at 4 °C. Immune complexes were washed
four times with 1 ml wash buffer (25 mM Hepes [pH 7.3], 4 M NaCl,
1.5 mM MgCl2, 0.2 mM EDTA, 5% glycerol, 0.25% Triton X-100) and
immunoblotted. Detection of FLAG fusion proteins was performed
using mouse monoclonal anti-FLAG antibody (Sigma) at a 1:10,000
dilution. Coprecipitated Myc fusion and HA fusion proteins were
detected by use of mouse monoclonal anti-c-Myc (Roche) at a 1:1000
dilution and mouse monoclonal anti-HA (Sigma) at a 1:1000 dilution,
respectively. Horseradish peroxidase-conjugated horse anti-mouse
IgG was used as a secondary antibody and protein signals were
detected using the ECL system (GE healthcare).
Results
Drosophila has a single Arf-GAP git1 homolog that is highly enriched in
developing embryonic myotubes
The Drosophila genome project identiﬁed CG16728 as a gene
encoding a protein homologous to mammalian GIT1 (Fig. 1). The
Drosophila git cDNA is ∼3.2 kb in length and it encodes a putative
protein (dGIT) of 731aa long. The dGIT protein shares 43% overall
amino acid identity with human GIT1. dGIT comprises a conserved
domain structure consisting of an N-terminal Arf-GAP domain
followed by four ankyrin repeats, a middle spa2 homology domain
(SHD) and a C-terminal paxillin/GRK-binding domain (PBX) (Fig. 1B).
The dgit gene is located on the second chromosome and maps to 47B1.
dGIT protein expression was detected in muscle syncytia at mid
embryonic stages and remained enriched in myotubes until the end of
embryogenesis (Figs. 2A, C, D and F).
dgit mutants are semi-lethal and adult escapers exhibit wing defects at
full penetrance
To generate mutations in the dgit gene, we made use of the P-
element insertion EY0924 P-element located 242 nucleotides
upstream of the dgit gene (Fig. 1A). Upon mobilization of the P-
element, ∼185 independent excision lines were selected for balancingFig. 1. Schematic representation of dgit and its mutant alleles. Panel A shows a
schematic representation of the genomic region containing the eight exons (repre-
sented by ﬁlled rectangles) of dgit gene and the extent of deletions (represented by solid
line) obtained from the excision experiment; The start and the stop codon of the dgit
ORF are represented by an upward arrow and a solid circle respectively; the downward
arrow indicates the position of the EY09254 P-element insertion; excisions dgitex21C and
dgitex51C delete 857 and 1249 nucleotides respectively, starting from the P-element
insertion position and deleting into the dgit ORF and hence removing 109 and 260 N-
terminal amino acids of the putative dGIT protein respectively; dgitex47C deletes ∼500
nucleotides, extending to sequences upstream of the P-element insertion position
without affecting the ORF of dgit. Panel B is a schematic representation of dGIT protein
domains: ANK: ankyrin repeats, SHD: spa2-homology domain, PBD: Paxillin-binding
domain; the amino acid numbers are shown above each domain of dGIT and % identities
between dGIT and human GIT1 are shown below each domain.and for further investigation. Analysis of these lines by PCR identiﬁed
three excision lines, dgitex21C, dgitex51C and dgitex47C as havingmolecular
lesions in theDNA region surrounding the P-element insertion site. The
precise break points of these DNA lesions were determined by
sequencing; dgitex21C and dgitex51C deleted 857 and 1249 nucleotides
respectively, starting from the P-element insertion position and
deleting into the dgit ORF (Fig. 1A). In dgitex47C, ∼500 nucleotides
were deleted without affecting the ORF of dgit (Fig. 1A). The lesions in
dgitex21C and dgitex51C resulted in the removal of 109 and 260 N-
terminal amino acids of the putative dGIT protein respectively (Fig.1A).
The absence of dGIT staining in the mutant suggests that the dgit
mutations aremost likely protein null (Figs. 2G and I). Individuals of the
genotype dgitex21C/dgitex21C and dgitex51C/dgitex51C derived from
balanced heterozygous parent stocks were semi-lethal and exhibited
defectivewingmorphologyat 100%penetrance (Supplementary Fig.1);
the dgit wings were crumpled, uneven and sometimes curled upward
or not fully spread. The defectivewing phenotypewas also observed in
transallelic combinations dgitex21C/dgitex51C, indicating that it is due to
mutations in the dgit locus. Precise excisions of the parental P-line and
excision dgitex47C, which does not affect the dgit ORF but deletes
sequences upstream of the original insertion site, produced fully viable
ﬂies and normal looking wings, indicating that the sequences adjacent
to the original P-element insertion and located away from dgit are not
essential for viability or proper wing morphology.
dgit mutant embryos show bypass and targeting defects in subsets of
ventral muscles
We took advantage of the availability of viable homozygous dgi-
tex21C mutant adult ﬂies to use them for embryo collections and for
phenotypic analysis; the dgitex21C homozygous ﬂies produced fewer
fertilized eggs than wt ﬂies and a proportion of the embryos
developed till late embryonic stage, thus allowing the analysis of
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showed striking guidance phenotypes in VO5 and VO6 muscles and
they are characterized by bypass and mistargeting of the mutant
muscles toward the ventral midline (Fig. 3); VO5 and VO6 muscles
from opposite sides of late stage mutant embryos inappropriately
attached at the ventral midline or fused together at their meeting
point (Figs. 3B, 6A and C), instead of terminating at a distance from the
midline (Fig. 3A). We observed that ∼60% (n=93 hemisegments) of all
VO5/6 were affected in dgit mutants to various degrees with muscles
attaching before reaching the midline, attaching at the midline or
crossing themidline. Defects in targeting of the growing ventral tips of
mutantmuscles toward the ventral midlinewere already detectable at
late stage 14/early stage 15 embryos (Fig. 3D). Defects in other ventral
muscles apart from VO5/6 were less obvious in dgit mutants;
occasionally, VA3 showed mistargeting toward the ventral midline.
The data suggest that dGIT is required for proper guidance and
targeting of subsets of myotubes in the embryo.
Subsets of dgit mutant muscles show defects in their shape and number
In mutant embryos lacking both maternal and zygotic dgit, there
was a low level of increase in the number of lateral transverse (LT)
muscles (18%, n=66 hemisegments) and ventral acute (VA3) muscle 3
(7.5%, n=53 hemisegments), suggesting that dgit plays a role in earlyFig. 3. Muscle targeting phenotypes in dgit mutants. Panels A–C are ventral views of a
stage 16 wt embryo (A; 6 μm-depth projection), a dgit21C mutant embryo (B; 15 μm-
depth projection) lacking both maternal and zygotic dgit and a zygotic dgit21C mutant
embryo that were stained with anti-Mhc; mistargeted VO5 and VO6 muscles which
aberrantly attach at the ventral midline are observed in the maternal and zygotic
mutant embryo (B, star) but not in zygoticmutant alone (C; 8 μm-depth projection) or in
the control (A); panel D is a lateral view of a Mhc-stained stage 15 maternal and zygotic
dgit21Cmutant embryo showing targeting defects of VOmuscles (arrowhead); panel E is
ventro-lateral view of a Mhc-stained stage 16 dgit21C zygotic mutant embryo showing a
VA3 muscle with defective shape (arrowhead; 5 μm-depth projection); panel F is a
dissected phalloidin-stained mutant dgit21C third instar larva showing a LO1 muscle
defective in its shape and attachment pattern (star) which persisted to the larval stage.
The position of the ventral midline in panel A–C is indicated by arrowhead and all
embryos are oriented anterior is to the left; scale bar is 20 μm.myogenic events that determine the formation of a correct muscle
founders number. In addition, the maternal and zygotic mutant
embryos showed low frequencies of muscle shape/attachment defects
in ventral oblique (VO) muscle 1 (10%, n=41 hemisegments) and
lateral oblique (LO) muscle 1 (Fig. 3F; 15%, n=62 hemisegments).
Zygotic dgit mutant embryos also showed an increase in muscle
numbers but at lower frequencies (7.5% for LTs, n=80 hemisegments;
3.7% for VA3, n=80 hemisegments) and defects in VA3 shape and
targeting (Fig. 3E). As most other muscles were normal and due to
their low occurrences, these phenotypes were not investigated
further. The data suggest that dGIT is somewhat required for proper
formation and morphogenesis in subsets of muscles.
Inspection of phalloidin-stained 3rd instar dgit mutant larvae
showed that aberrant muscles formed during embryogenesis are
maintained and do not detach (Fig. 3F), suggesting that these muscles
are stable. Also, the capability of sustained locomotion of dgit-
deﬁcient larvae indicates that the mutant muscles are functional.
The dGIT protein is expressed in embryonic myotubes and accumulates
at their growing ends and their mature attachment sites
To correlate dGIT protein expression and localization with the
muscle phenotype of dgit mutants, we stained embryos using two
polyclonal anti-dGIT antibodies that were raised in mouse, one against
theN-terminus and another against the C-terminus of the dGIT protein;
both antibodies gave essentially similar staining pattern (Figs. 2 and 4).
dGIT expression was detectable in the cytoplasm of muscle
syncytia in embryonic stage 14 and early stage 15 (Figs. 2A and C).
At mid stage 15, localization of dGIT at the leading edge of growing
myotubes became visible (Figs. 4A and C). Close inspection of dGIT
staining in the ventral ends of VO5/6 muscles, which were often
misguided in dgit mutants, showed that dGIT is relatively enriched at
the base of membrane protrusions at the leading edge of growing
myotubes and relatively weaker in ﬁlopodia (Figs. 4D and F); under
overexpression conditions, dGIT-GFP was seen in ﬁlopodia of migrat-
ing myotubes (Movie 1). In the late stage embryo, in which muscles
are maturely attached, dGIT concentrated at all muscle attachment
sites (Figs. 2 and 4; Supplementary Movie 2); the staining was
particularly more intense at muscle ends that attach at the segment
border (muscle-muscle-epidermis; Figs. 2D and F) and relatively
weaker at ventral attachments of VO5/6 (Figs. 4G and I) and at muscle
ends that attach directly (muscle-epidermis) such as LTs, indicating a
dynamic localization pattern for dGIT in muscles and subtle variation
in dGIT expression/localization behavior in different muscles subsets;
the anti-dGIT antibodies speciﬁcally recognized the dGIT protein as
evident from the lack of staining in muscle attachment sites of dgit
mutants (Figs. 2G and I). The localization of dGIT at muscle attachment
sites was also evident when a GFP-tagged full-length dGIT was
expressed in embryonic muscles (Figs. 4K and L).
The presented data show that dGIT is expressed in muscles and
able to localize to the leading edge of growing myotubes, which is in
agreement with the argument that the protein participates in the
process of muscle guidance and targeting.
dgit mutant embryos show loss of dPak from their muscles termini
In mammalian systems, GIT1 directly binds and recruits βPIX,
which is an exchange factor for the Rho-family GTPases, and indirectly
recruits the PIX-associated kinase Pak to focal adhesions. In Droso-
phila, dPIX, dPak and dGIT localize to muscle adhesion sites in the ﬂy
embryo (Parnas et al., 2001; Harden et al., 1996; Figs. 5A and C). Based
on their identical localization proﬁle to muscle attachments in the ﬂy
embryo, we predicted a role for dGIT in recruiting dPIX and dPak to
muscle adhesion sites in Drosophila. Anti-dPIX was not available to us
but we tested dPak localization in dgit mutant embryos with anti-
dPak antibody. As predicted, dPak staining was absent from muscle
Fig. 5. dPak localization. Panels A–I are confocal images of deep views of ventral muscles
in stage 16 embryos that were stained with anti-dPak (red) and anti-Mhc (green);
panels A–C is wt, panels D–F is dgit21C mutant and panels G–H is a dgit21C mutant
embryo that was rescued by expressing a dgit transgene under the 24bgal4 driver; dPak
localizes to muscle attachment sites in wt (A, arrowhead) and this localization is absent
in dgit mutant (D, arrowhead); the muscle attachment localization of dPak in dgit
mutants is rescued by the expression of dgit transgene (G, arrowhead). All embryos are
oriented anterior is to the left and scale bar is 20 μm.
Fig. 4. Localization of dGIT in growing embryonic myotubes. Panels A–I are ventro-
lateral views of wt embryos that were double stained with anti-dGIT (A, D and G; green)
and anti-Mef2 (B, red) or anti-Mhc (E and H, red); panel A shows that dGIT is enriched at
the leading edge of the muscles at early stage 15 (arrowhead) and panel D shows that
dGIT staining in growing VOmyotubes at this stage is mainly concentrated at the ventral
tips at the base of ﬁlopodia (arrowhead) and relatively lower staining intensity is seen in
ﬁlopodia; panel G shows that at stage 16 dGIT is localized at muscle attachments of VO4,
VO5, VO6, and VA3 muscles (G, arrowheads). C is a merged image of A–B, F is a merged
image of D–E, and I is a merged image of G–H. Panels J–L are images of embryos
expressing uas-git-gfp under rp298gal4 in single copy and showcytoplasmic localization
at early stage 15 (J, star; 13 μm-depth projection) and muscle attachment localization at
stage 16 in VL (K and L, star), LT (K, arrowhead; 13 μm-depth projection) and VA3/VO
muscles (L, arrowhead; 9 μm-depth projection). All embryos are oriented anterior is to
the left and dorsal is up; scale bar is 20 μm.
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dGIT is required for the recruitment of dPak to muscle attachments in
the ﬂy embryo, probably indirectly through dPIX.
In order to determine whether the defects observed in dgit
mutants are due to mutations in the dgit gene, we carried out rescue
experiments by driving a uas-dgit-gfp transgene under the pan-
mesodermal driver 24bgal4 in dgit21C mutant backgrounds. In the
rescued embryos, dPak was localized at muscle attachment sites
similar to its wild-type localization pattern (Figs. 5G and I), indicating
that the dgit mutation is the cause of dPak absence from muscle
attachment sites in the mutant. In addition to rescuing dPak
localization, the mesodermal expression of dgit signiﬁcantly rescued
the targeting defects observed in VO5/6 muscles of dgit mutants (80%
rescue, n=114; Fig. 6B), indicating that the defective muscle guidance
phenotype is caused bymutations in dgit. The mesodermal expression
of dgit also signiﬁcantly rescued the defective wing phenotype
observed in dgitmutants (60%, n=100 ﬂies), suggesting a mesodermal
requirement for dGIT during wing formation.
FAK is another known GIT1-interacter in mammals and its ﬂy
homologue has been shown to localize to muscle adhesion sites in the
ﬂy embryo (Grabbe et al., 2004); we did not detect defects in pFAK
localization in dgit mutants (Fig. 6D). Slit and Robo (Kidd et al., 1999;
Kramer et al., 2001) and integrins (for review see Bokel and Brown,2002), which are known to play important roles in muscle guidance or
attachment, were not affected in dgit mutants (Figs. 6E and F;
Supplementary Fig. 2). In addition, epidermal apodemes as assessed
by anti-Stripe (Frommer et al., 1996; Becker et al., 1997; Fig. 6C) and
myoblast fusion as assessed by anti-Mhc and anti-Mef2 (Nguyen et al.,
1994) were not affected in dgitmutants, suggesting that dGIT does not
play a major role in these processes.
The data indicate that dGIT is speciﬁcally required for dPak
localization to muscle adhesion sites and for proper muscle morpho-
genesis and guidance in the ﬂy embryo.
dpak mutant embryos show muscle phenotypes similar to dgit
The results described above raised the possibility that the
delocalization of dPak in dgit mutant muscles could be the basis for
the observable muscle targeting phenotype of dgit. To check this
possibility, we obtained dpix1036 and dpak alleles (6, 11, 14, 21 and 22)
and stained their embryos with anti-MHC to reveal their muscle
pattern but we rarely observed targeting defects similar to that of dgit
(Fig. 7A); muscles were mostly normal in zygotic mutant embryos,
presumably because of the presence of maternal contribution or in the
case of pak, the potential of redundant function of a second pak-like
gene. Similarly, we rarely observed muscle defects in embryos lacking
one copy of dgit and one copy of dpix or dpak. In addition,
overexpression in myotubes of wild-type dPak, a modiﬁed version
of dPak that is constitutively targeted to the membrane with a
myristilation tag or the auto-inhibitory domain of dPak (Conder et al.,
2004) rarely resulted in muscle guidance phenotypes similar to dgit.
However, double zygotic dgit21C, dpak20 mutant embryos showed
muscle targeting defects (Fig. 7B; 25%, n=70) that had not been seen
in either zygotic mutant alone, suggesting that dgit and dpak
genetically interact; these mutant embryos also exhibited general
disorganization of their muscle pattern. In order to remove both
maternal and zygotic dPak kinase activity, we induced germline clones
in females heterozygous for the dpak20 allele as described previously
Fig. 7.Muscle phenotypes in dpak mutant embryos. Panel A is ventral view of a zygotic
dpak14 mutant embryo stained with anti-Mhc and showing a VO muscle aberrantly
extending and crossing the ventral midline (arrow); Panel B is a 12 μm-depth projection
in ventral view of a double zygotic dgit21C;dpak14mutant embryo stained with anti-Mhc
and showingmuscle targeting phenotype toward the ventral midline (arrow); panel C is
a 7 μm-depth projection in ventral view of a dpak20 mutant embryo lacking both
maternal and zygotic dpak from the germline clone experiment showing VO6 and VA3
muscles aberrantly attaching at or crossing the ventral midline (arrows); arrowheads in
A–C indicate the position of the ventral midline. Panel D is a 4 μm-depth projection in
lateral view of a dpak20 germline clone embryo showing normal localization of dGIT to
muscle attachments (green; arrow) and a defective LO1 muscle with an additional
attachment (arrowhead). Embryos are oriented anterior is to the left and scale bar is
20 μm.
Fig. 6. Rescue of dgit muscle phenotypes. Panel A is ventral view of a dgit21C mutant
embryo stained with anti-Mhc and showing aberrant attachment of muscles VO5 and
VO6 at the ventral midline (stars); panel B is ventral view of a dgit21C mutant embryo
rescued with 24bgal,uas-git-gfp and showing normal muscle targeting at the ventral
side of the embryo; panel C is ventral view of a dgit21Cmutant embryo stained with anti-
Stripe (red, epidermal apodemes) and anti-Mhc (green) and showing an aberrant
attachment of VO5 muscles at an epidermal cell situated at the ventral midline (star);
arrowheads in A–C indicate the position of the ventral midline. Panel D is lateral view of
a dgit21C mutant embryo stained with anti-pFAK (red) and anti-Mhc (green) and
showing normal pFAK localization at muscle attachments (stars); panel E is ventro-
lateral view of a dgit21C mutant embryo stained with anti-Robo (green) and anti-Mhc
(red) and showing normal Robo localization at muscle attachments (arrow); panel F is
ventral view at the CNS focal plane of a dgit21C mutant embryo stained with anti-Slit
(green) and anti-Mhc (red) and showing normal Slit localization at muscle attachments
(upward arrows) and ventral midline (downward arrow). Embryos are oriented anterior
is to the left and scale bar is 20 μm.
20 S.M. Bahri et al. / Developmental Biology 325 (2009) 15–23(Chou and Perrimon, 1996; Conder et al., 2004) and mated them to
males heterozygous for the same allele; dpak20 encodes a truncated
dPak protein lacking the kinase domain (Newsome et al., 2000).
Embryos were stained with anti-dPak and anti-Mhc and those
seemingly completed normal dorsal closure and developed to late
stage of embryogenesis were assessed. The germline clone embryos
showed guidance phenotypes of VO5, VO6 and VA3muscles similar to
that of dgit; the affected muscles bypassed their normal ventral
attachment sites and mistargeted toward or crossing the ventral
midline (Fig. 7C; 50%, n=72); the dpak embryos showed additional
muscle phenotypes such as increase in LT and VA3 numbers and
defective LO1 and VO1 muscles shape (Fig. 7D). Interestingly, most of
the dpak phenotypes in muscles and in the adult wing (Supplemen-
tary Fig. 1) resemble that of dgit.
The data indicate that dpak causes similar muscle targeting
phenotypes to that of dgit and that signaling through dGIT and dPak
is required for proper muscle morphogenesis and myotube guidance
in the ﬂy embryo.
dGIT and dPak can form a complex and dGIT localization is not affected
in dpak mutants
The data presented above showed that dPak localization to muscle
adhesion is dependent on dGIT (Fig. 5). In order to determine whether
dGIT localization is dependent on dPak, anti-dGIT staining wasexamined in dpak germline embryos. The results showed that dGIT
localization to muscle adhesion sites was not affected in dpakmutants
(Fig. 7D) indicating that dGIT localization to these sites is independent
of dPak. dGIT and dPak localizations to muscle attachment sites were
also not affected in dpix1036 zygotic mutant embryos (Supplementary
Fig. 3).
Biochemical interactions between dGIT-GFP and dPak were
detected in embryonic extracts, suggesting that these proteins form
a complex in vivo (Supplementary 1). Immunoprecipitates from COS 7
cells, coexpressing combinations of the tagged ﬂy proteins dGIT-FLAG,
dPIX-HA and dPak-Myc, showed that dGIT-FLAG forms a complex with
dPIX-HA but it does not form a complex with dPak-Myc unless dPIX-
HA is present (Fig. 8). The coimmunoprecipitation data support the
suggestion that dGIT is required for the recruitment of dPak to muscle
attachment sites, probably indirectly through dPIX.
Discussion
In this paper, we have presented evidence that the Drosophila
homologue of human GIT1, dGIT, is enriched at muscle termini and
responsible for recruiting signalling molecules such as dPak to these
muscle sites during embryogenesis. We have shown that mutations in
both dgit and dpak result in similar muscle guidance and patterning
phenotypes in the embryo.
To address the in vivo function of dGIT, we have isolated mutations
in the dgit gene and analyzed their effects on embryonic development.
A striking bypass muscle phenotype indicative of defects in stop signal
recognition, notably in subsets of ventral oblique muscles, is detected
in dgit mutants. Several criteria are supportive of a role of dGIT in the
muscles: ﬁrstly, dgit RNA and its protein are expressed in muscles,
secondly, dGIT is localized to muscle tips, thirdly, defective muscles
are observed in independent alleles of dgit and fourthly, a mesoder-
mally-driven dgit transgene rescues the muscle phenotype in dgit
mutant backgrounds.
Fig. 8. dGIT, dPIX and dPAK form a complex in cell transfection assays. Total protein
lysates were prepared from COS 7 cells co-transfected with GIT-FLAG+PIX-HA+Pak-
Myc (Lane 1), FLAG+PIX-HA+Pak-Myc (Lane 2), GIT-FLAG+HA+Pak-Myc (Lane 3), GIT-
FLAG+PIX-HA+Myc (Lane 4), and GIT-FLAG+Pak-Myc (Lane 5). They were used for
immunoblot analysis with anti-FLAG (A), anti-HA (C) and anti-Myc (E) and for co-
immunoprecipitation experiments using anti-FLAG agarose beads followed by
immunoblot analysis (B, D and F); dGIT-FLAG is successfully brought down with anti-
FLAG beads (B, Lanes 1, 3–5) and dPIX-HA forms a complex with dGIT-FLAG (D, Lanes 1
and 4) while dPak-Myc does not form a complex with dGIT-FLAG (F, Lanes 3 and 5)
unless dPIX-HA is also present (F, Lane 1); FLAG, HA and Myc empty vectors were used
in the co-transfection experiments as negative controls.
21S.M. Bahri et al. / Developmental Biology 325 (2009) 15–23Mutant myotubes form ﬁlopodia, do not stall along their way and
occupy their normal wild-type location within each segment,
suggesting that the machinery underlying myotube migration is
functional in dgit mutants. The phenotype of dgit mutant muscles
points to a defect in target selection as the ends of affected myotubes
continue to migrate and do not stop at their wt target sites, possibly
as a consequence of defects in interpreting stop signals or other
surrounding environmental cues. It is also intriguing that only the
posterior–ventrally extending ends of affected muscles are defective
while their anterior–dorsally extending ends attach at their normal
sites, perhaps reﬂecting the different nature of environmental cues
encountered by these ends; the posterior–ventrally extending ends
of VO5/6 are also known to migrate longer distance extending from
the anterior end of one segment (close to its anterior attachment
site) into the next posterior segment (Schnorrer and Dickson, 2004).
dGIT may be required in ventral myotubes to interpret certain stop
signals from tendon cells similar to that mediated by the receptor
tyrosine kinase Derailed pathway in LTs (Callahan et al., 1996).
Another interesting aspect of the dgit mutant VOs is that after
reaching their normal wt attachment site they continue to migrate in
the ventral direction only and not in the posterior direction,
indicating a speciﬁc change in directionality of the migrating
myotubes. This suggests that the defect in mutant myotubes is
possibly in recognizing “ventral” and not “posterior” stop cues or in
interpreting some ventral signals as attractive cues. A guidance
phenotype in the ventral muscles similar to that of dgit mutants has
not been reported before.
One interpretation of the muscle guidance phenotype is that the
affected muscles lost their response to repulsion cues from the ventral
midline region or now they perceive them as attraction cues instead.
The ventral midline is known to be the source of slit, a repulsion signal
acting in axon guidance and muscle development (Kidd et al., 1999;
Kramer et al., 2001; Rajagopalan et al., 2000; for review on myotube
guidance see Schnorrer and Dickson, 2004). It was observed that in
single robo embryos some of the ventral muscles anchor closer to the
midline than in wild-type (Kidd et al., 1999), suggesting that these
ventral muscles are perhaps normally repelled by the midline Slit
signal as they extend back toward themidline at later stages. However,
this phenotypewas not described for slitmutants, probably because of
the earlier defects in muscle precursor repulsion away from the
midline in suchmutants. Unusual extension of ventral muscles toward
the midline has also been observed upon expression of robo-frachimera (where midline Slit is now sensed as an attractive signal
instead of repulsive) under a pan-mesodermal driver, while ventral
longitudinal muscles which are at a distance from the midline were
not affected (Bashaw and Goodman, 1999). These observations
suggested that ventral muscles which normally extend toward the
ventral midline in later stages can respond to the repulsive Slit signal
from the midline. The absence of genetic interaction between dgit and
slit or dgit and robomutations and the nature of muscle phenotypes in
dgit mutants suggests that dGIT does not play any obvious role in the
early phase of muscle precursor cells migration away from the
midline, a process known to be mediated by the Slit-Robo system.
Interestingly, the dorsal tip of muscle VO1 displayed similar targeting
defects, suggesting that the mistargeting phenotype is not limited to
the ventral tips of VO5 and VO6 muscles. Furthermore, the absence of
defects in attachment of mutant muscles like VLs and others, which
are normally attracted by the Slit signal and which express high levels
of dGIT, and the different muscle phenotypes observed in dgit and
robo mutants suggest that dGIT does not play an essential role
downstream of Robo. We have observed that in some cases affected
muscles already reached the ventral midline much earlier than
expected, suggesting that they are probably moving too fast. Hence,
it is possible for the dgit phenotypes to be alternatively explained as
secondary consequences of defects in muscle extension rate.
Although dGIT is expressed in all muscles, only a subset is affected
in dgitmutants, indicating a certain level of speciﬁcity; the triangular-
like shape phenotype of mutant muscle LO1, as a consequence of an
additional attachment, suggests that dGITmaybe normally required to
down-regulate undesirable attachment, in response to the presence of
presumably weak attraction or repulsion signals or both. Moreover,
the observations that mutant muscles do not detach from their
established attachment sites support the view that these adhesions
are stable and functional in dgit mutants.
What are the molecular mechanisms by which dGIT inﬂuences
muscle guidance? Like its mammalian counterparts, dgit encodes a
putative multidomain protein comprising an Arf-GAP domain at its N-
terminus followed by ankyrin repeats, a SHD domain and a C-
terminal-paxillin-binding region. By analogy, the function of dGIT in
the ﬂy may be mediated through its potential effect on its interacting
signalling partners namely PIX/Pak. Mammalian GIT1 is known to
bind directly to PIX which in turn binds Pak and recruits it to the
adhesion complex (Zhao et al., 2000; Premont et al., 2004). In the ﬂy,
the PIX binding site of Pak1 is conserved in dPak, dPIX and dPak
localize to muscle attachment sites and dPIX is required for dPak
localization at the NMJ (Parnas et al., 2001; Harden et al., 1996).
Similarly, the PIX binding site of GIT1 is conserved in dGIT and binding
between dGIT and dPIX is detected in the yeast two-hybrid system
(Giot et al., 2003) and in cell transfection assays (this work),
suggesting that Drosophila dGIT is able to mediate similar functional
interactions to that of its mammalian homologue. In dgit mutant
embryos, dPak is lost from muscle ends, indicating that dGIT recruits
dPak to these sites probably through dPIX. In addition, dpak germline
clone embryos show muscle phenotypes similar to that of dgit,
suggesting that both dgit and dpak affect the same muscle process.
dPak is a member of the Ste20-related p21-activated serine/threonine
kinases (Manser et al., 1994) and it is known to participate in axon
guidance (Ang et al., 2003; Fan et al., 2003; Hing et al., 1999; Hu et al.,
2001; Kim et al., 2003; Newsome et al., 2000; Schmucker et al., 2000),
the integrity of leading edge cytoskeleton during dorsal closure
(Harden et al., 1996; Conder et al., 2004) and the regulation of
postsynaptic protein localization and structure (Parnas et al., 2001).
During axon guidance, Slit stimulation recruits dPak and Dock to the
Robo receptor and increases Rac activity to modulate Robo repulsion
(Fan et al., 2003). Thus, it is possible for dPak to affect myotube
guidance to the ventral side of the embryo in a similar manner but the
different muscle phenotype displayed in dpak as compared to robo
mutants does not support this view.
22 S.M. Bahri et al. / Developmental Biology 325 (2009) 15–23The muscle defects in dgit,dpak double zygotic mutants suggest
genetic interaction. It remains possible that dGIT signals through
alternative routes to affect myotube guidance but still the similarity in
dgit and dpak muscle phenotypes, the dependence of dPak muscle
localization on dGIT, the colocalization of dGIT and dPak/dPIX proteins
in muscles and the conservation of their protein domains argue for an
involvement of these proteins in a common signaling pathway in ﬂy
muscles. Interestingly, both dgit and dpak mutants also show similar
morphological defects in the wing, suggesting that they may act in the
same pathway in different tissues. Further analysis of these pheno-
types in the future would undoubtedly shed more light on the in vivo
function of these proteins in these processes. Zygotic dpix mutant
embryos did not show muscle targeting defects and dPak localization
to muscle attachment sites was not affected in these embryos,
presumably due to the presence of maternal component.
In summary, we have shown that dGIT and dPak are required for
proper muscle morphogenesis and guidance in the ﬂy embryo. Our
study is the ﬁrst in vivo characterization of dGIT function during
Drosophila development and the analysis of dgit in the genetically
amenable Drosophila model system provides the basis for future
studies on the function of this interesting class of proteins during
development.
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